only and 0.28% using up to 1,232 observed and inferred meioses combined). Conclusions: These data confirm the accuracy and completeness of the male lineage portion of the Anabaptist Genealogy Database and contribute mutation rate estimates for several commonly used Y chromosome STR markers. The Old Order Amish (OOA) of Lancaster County, Pennsylvania, are a closed founder population numbering approximately 30,000-50,000, nearly all of whom can trace their ancestors back to a small number of individuals who immigrated to the United States in the mid-to late 1700 s [1, 2] . An additional group of OOA immigrated during this period to Ohio and Indiana, and later some Lancaster OOA migrated westward as well. The OOA have a strong interest in their ancestry, and their genealogical relationships are well-documented [3, 4] . These attributes make the OOA an attractive population for genetic studies [5] , and indeed they have been subjects of study of the genetics of both single gene disorders for over 40 years [reviewed in 6 ] and of complex traits for almost as long [7] , but particularly in the last 15 years by our group [8] [9] [10] [11] [12] [13] [14] [15] [16] and others [17, 18] . In recent years, the Anabaptist Genealogy Database [1, 19, 20] 
as a computerized resource searchable using the PedHunter query software by groups with Institutional Review Board approved protocols [1] , which enhances the ability to construct pedigrees defining the relationships between Amish subjects of genetic studies. These tools have been particularly useful for projects involving large study samples such as that of the University of Maryland, which has recruited well over 3,500 Lancaster Old Order Amish individuals for several different studies, primarily of complex adult onset conditions including diabetes, osteoporosis and cardiovascular disease. Despite the multitude of genetic studies of the OOA, a rigorous analysis of the founder structure has yet to be reported. The work reported here focuses on the Lancaster, Pennsylvania OOA only. For convenience, throughout the rest of this report, 'Amish' and 'Old Order Amish' will be used to refer to the Lancaster, PA Old Order Amish population, which is a subject of study at the University of Maryland.
The recent availability of numerous short tandem repeat (STR) markers on the non-recombining region of the Y chromosome [21] [22] [23] [24] has been applied to population genetics , genealogy [46] [47] [48] [49] [50] [51] [52] and forensics [53] [54] [55] [56] [57] [58] [59] . The rate and mechanism of mutation of an STR (whether autosomal or sex-linked) determines not only its degree of polymorphism but also its usefulness for a particular application. High mutation rates with both gain and loss of repeat elements are potential confounders in analyses requiring inferences in the presence of substantial missing data. For example, in linkage analysis hypermutable autosomal STR mutations that lead to Mendelian inconsistencies are often classified as genotyping errors.
While the high mutation rate of STR markers also makes using them to track long-term evolutionary patterns difficult [60] , their polymorphic nature makes them useful for distinguishing lineages, helping to understand relationships between lineages [23] and clarifying recent demographic history [61, 62] . By comparing the Y chromosome haplotypes between male lineages, we would be able to confirm the accuracy of the genealogical records and also determine whether individuals with similar surnames came from common founders.
In addition to allowing us to confirm genealogical records and estimate the number of male founders, such a large number of observed meioses in large families, as are present in the Amish, allowed us to estimate mutation rates in the STR markers. Two approaches have been used to calculate mutation rates in Y chromosome STR markers: large pedigrees with males connected through common male lineages with observed/inferred meioses and father-son pairs. Heyer et al. [63] typed 42 males from 12 'deep rooting' Canadian pedigrees for 9 STRs and estimated individual marker mutation rates ranging from 0 to 0.94%, with an average of 0.21%. However, since almost all of the meiotic events leading to the apparent mutation events were unobserved, mutations could not be confidently distinguished from nonpaternity (although Jobling et al. [64] partially addressed this concern using the minisatellite marker MSY1), and there was insufficient data to infer the direction of the mutations. Subsequently, Kayser et al. evaluated 4,999 meioses in 15 loci in typed father/ son pairs that had undergone paternity testing and observed 14 mutation events, for an overall mutation rate of 0.28% [65] , in contrast to Bianchi et al., who found no mutations in 1,743 meioses in seven loci [66] . Dupuy et al. studied 1,766 confirmed father/son pairs and found an overall mutation rate of 0.23% [28] . Several other investigators studying father/son pairs [26, 29, [67] [68] [69] [70] [71] [72] obtained similar estimates. More recently, Bonné-Tamir et al. revived Heyer's method in 74 male samples from the highly isolated Israeli Samaritan population, which has similarly detailed genealogical records as the Amish, to arrive at an estimated mutation rate of 0.42% [73] . Additionally similar estimates have been made using sperm samples [74] . Lower 'evolutionary' estimates have also been made using cross-population samples [32, 43, 75] . The large number of Amish males genotyped in our studies (739 males at up to nine different STR markers) coupled with extensive pedigrees enabled us to use a large number of genotyped father/son pairs as well as a larger number of transmissions inferred from the pedigree structure to evaluate mutation frequency.
Subjects and Methods

Subjects
As of April 2003, a total of 2,480 subjects, including 1,080 males, had been recruited for several University of Maryland studies. Subjects consented to these studies via protocols approved by the University of Maryland Institutional Review Board. The construction and usage of the Anabaptist Genealogy Database is covered by a human subjects protocol overseen by an Institutional Review Board at NIH. Of the total 2,480 subjects, 1,249 subjects (506 male) from the Amish Family Diabetes Study (AFDS) [12, 14] , Amish Family Osteoporosis/Calcification Study [76] or Amish Osteogenesis Imperfecta Study were genotyped using DNA extracted from leukocytes by the NHLBI Mammalian Genotyping Service for 800 STR markers (5 cM scan) from sets 11 and 51 (NHLBI Mammalian Genotyping Service), including nine markers on the Y chromosome (see below). An additional 514 (233 male) subjects from the AFDS were genotyped in an earlier 10 cM scan using 400 markers from set 11 only, which included seven of the nine Y chromosome markers. Y marker data were thus available on a total of 739 males.
Marker Genotyping
Markers typed by the NHLBI Mammalian Genotyping Service in all subjects included DYS393/395, DYS391, DYS389-I, DYS389-II, DYS388, DYS390, and DYS392. The additional markers DYS19 and GGAAT1B07 were typed only in the 506 males in the 5 cM scan. Because two lineages with no genealogical, historical or surname evidence of relatedness shared the same apparent nine marker founder haplotype, we sequenced in a subset of individuals in a subset of lineages three additional single copy markers which were chosen based on high diversity statistics calculated previously [22] : DYS449, DYS456 and DYS458. Because we evaluated these markers in only a small number of individuals, we elected to sequence rather than genotype these markers to assure accurate allele calls.
Genealogy Analysis
The entire set of 1,080 male individuals enrolled in our studies was used in a query of the Anabaptist Genealogy Database version 3 (AGDB3), a large searchable database including content from three Amish genealogy sources [1, 3, 4, 20, 77] . The query utilized the PedHunter software to connect all phenotyped males as far back as possible through male lineages only.
Statistical Analysis
Founder Allele/Haplotype Designation We used the genotypes of the typed individuals to designate a founder allele for each marker in each lineage. The founder was defined as the most recent common male ancestor (MRCMA) for all genotyped individuals within a lineage. All but two lineages for one locus (DYS391 in both cases) had unique putative founder alleles at each locus. For these two lineages at DYS391 we designated the founder allele as the one of two possible alleles that maximized the number of distinct gene flows with the fewest number of mutations that fit the data (see Results; Y Chromosome Haplotypes, for details). The putative founder haplotype was the set of founder alleles inferred in this manner. We note that for the two lineages above, the founder haplotypes are distinct from all other founder haplotypes regardless of which DYS391 allele is chosen, implying that comparisons made below with regard to similarity of lineages are actually independent of the choice of founder allele.
Y Chromosome Haplotype Reference Data We used two publicly available databases for reference data on European Y chromosome genotypes and haplotypes. The Y-STR Haplotype Reference Database (YHRD), and its sister site, the Y-STR Haplotype Reference Database for U.S. Populations (YSTR-US) [78] (now combined into a single YHRD database [79] ) are freely searchable but restrict submission of genotype data to forensic laboratories that have passed a quality control exercise and are limited to a set of ten STRs (DYS19, DYS389-I, DYS389-II, DYS390, DYS391, DYS392, DYS393, DYS385ab, DYS438 and DYS439), which includes seven of the nine typed in our study. All samples submitted to STR/STR-US must minimally be typed for the first eight of the ten markers. In YHRD, any subset of the nine STRs can be searched for matching haplotypes, and such searches yield the worldwide prevalence of a given haplotype along with region-and ethnicity-specific prevalences. The YHRD (Release 21) currently includes 51,253 haplotypes in 447 populations. To facilitate systematic comparison of our data to YHRD data, we downloaded the subset of 12,727 haplotypes in 91 European populations available at the YHRD web site and used in a recent publication describing the use of YSTRs to describe European population history [61] .
Another database, YBase: Genealogy by Numbers, allows unrestricted submission and searching for 49 individual STRs, including all nine typed in our study. However, haplotype searching in YBase requires at least eight markers and is of limited utility for estimating population prevalence since there is no particular minimal set of markers required for inclusion in the database, and denominators are not given for haplotype search results. YBase primarily provides surnames of matching haplotypes with limited geographic information. The distribution maps show that most of the samples are sent by individuals and families residing in the eastern United States, the United Kingdom, Germany and Switzerland. YBase provides periodically updated tables of allele frequencies for individual STRs.
Pedigree Errors and Mutation Analysis
We initially reasoned that individuals with apparent nonfounder alleles at multiple loci were most likely to represent pedigree errors and investigated these cases further, including autosomal loci, to confirm or refute this suspicion. After exclusion of pedigree errors, for a given locus within a lineage, if three or more individuals shared the same non-founder allele and had a MRCMA who was not the root and furthermore all of this MRCMA's descendants possessed this same allele, this was considered confirmatory evidence of a mutation. If the same were true in a set of two individuals, this was considered preliminary evidence of a mutation; sequencing of both the individual(s) possessing the putative mutation and additional relatives if available was used to confirm the mutation. Similarly, sequencing was used to confirm an apparent mutation appearing in a single individual. Sequencing was also used to localize historical mutation events, even those appearing in clusters of three or more individuals, if DNA was available from the relevant individuals.
PCR product sizes were used with available sequence information (see below) to convert allele names to repeat lengths named according to standard nomenclature [21] . A special case is DYS389-II, which has the structure [TCTG] 3 [TCTA] q , defines DYS389-I [80] . We provide the repeat length for DYS389-I as 3+q (as is standard), and for DYS389-II, we provide in table 1 , which lists founder haplotypes, repeat length in the format n+m+3+q n+m , in order to preserve the YHRD nomenclature (n+m+3+q) while simultaneously providing the repeat length of the DYS389-II specific segment (n+m) of the marker, which is used in some population and evolutionary studies. This representation enables our data to be readily compared with other publications and databases, which vary in their formatting of this marker. For example, a founder with the genotype [TCTG] 5 [TCTA] 12 [48 bp] [TCTG] 3 [TCTA] 9 would be denoted as DYS389-I = 12 and DYS389-II = 29 17 . In discussing specific alleles and mutations in the DYS389-II-specific segment in the text, we use the DYS389-II-specific format n+m (DYS389-II = 17 in the preceding example).
Two methods were used to estimate mutation rates. First, for each marker, the number of discordant typed father-son pairs was divided by the total number of typed father-son pairs (observed meioses). In the second method, which increased the sample size but also the number of assumptions made, we inferred as many genotypes as possible in each lineage using available genotypes along with our inferred founder genotypes. We then divided the total number of mutation events by the number of inferred/observed father-son transmissions for each marker. Binomial confidence intervals were calculated using the exact method as implemented in SAS Version 8.0 (Cary, NC).
STR Sequencing
Sequencing of STR markers, including previously typed loci to confirm and/or localize mutations and three additional loci to distinguish lineages, was performed on an ABI 3700 DNA sequencer. In some cases primers were designed to amplify a PCR product larger than that originally detected by the NHLBI Mammalian Genotyping Service to guarantee readable sequence within the repeat region. For DYS389, the primer set used by the NHLBI Mammalian Genotyping Service and others, as a result of two binding sites of the forward primer, amplifies two products: the entire DYS389 region, classically denoted as DYS389-II, and the DYS389-I region contained within it. The DYS389 forward PCR primer was redesigned to bind to a unique site upstream of the original upstream binding site so that the entire sequence was only amplified once, allowing us to view within our sequencing result distinct sequences for DYS389-I and the DYS389-II-specific portion. 
Results
Genealogy Analysis
Querying AGDB with PedHunter for all 1,080 male subjects resulted in 30 male lineages. Two lineages comprised a total of three individuals with phenotype data, but no genotype data. Within each of the 28 genotyped lineages there was a unique surname after accounting for multiple spellings (e.g., Stoltzfus/Stoltzfoos, the most common Amish surname). However, the converse, that each surname corresponded to a unique lineage, was not true. Two surnames were each found in two separate lineages. The 739 males with Y chromosome STR markers genotyped could be traced to 28 of the founders, with each of the 28 founders having from one to 237 phenotyped descendants and from one to 159 descendants genotyped for all or some of the 9 STR markers. The distribution of founder descent of the genotyped individuals is shown in figure 1 , along with the distribution of the corresponding surnames in the 1998 Address Book of the Lancaster County Amish. Seven founders accounted for 83% of these males, 14 for 95% and 21 for 99%.
Representativeness of Our Population Sample
To assess the representativeness of the general Old Order Amish population by our sample, we compared the number of individuals genotyped from each male lineage with the number of families with each corresponding surname as indicated in the 1998 Address Book of the Lancaster County Amish. Results are presented in figure 1 . Our sampling of lineages appeared virtually complete; the 27 surnames found in our collection of 739 Amish males accounted for 98% of all Lancaster County Old Order Amish households in the 1998 directory. The same eight surnames accounted for the majority of individuals in our sample (85%) and the majority of households (80%).
Y Chromosome Haplotypes
After exclusion of pedigree/genotyping errors (see below), putative founder Y haplotypes for the 28 lineages were inferred and assigned as described in Methods and are listed in table 1 , rank ordered by the number of genotyped males. Some lineages had more than one allele at some markers. To assign a putative founder haplotype, for each marker we selected the configuration of the untyped individuals which minimized the number of mutation events and assigned the founder the allele designated in that configuration. The set of founder alleles designated in this manner was then assigned as the putative founder haplotype. In this manner the designation was made unambiguously for all markers in all lineages except in the cases of lineages #13 and 14 for one marker, DYS391. In these two lineages, there were three (equally likely) configurations minimizing the number of mutation events for DYS391; in each of those cases, the founder allele associated with the greatest number of these configurations (2 of 3 in both cases) was assigned as such. In these two lineages, the chosen allele was only marginally more likely than the alternative one; however, the uniqueness of the haplotype was independent of which of the two alleles was chosen. It should be noted that in lineage #13, sequencing of a previously unstudied individual eliminated one possible configuration, leading to an equal likelihood of two different founder alleles. However, again, both possible founder haplotypes were unique among the Amish.
For 23 of the 28 lineages it was possible based on available data to assign a putative full 9-STR founder haplotype. Of the 23 lineages with data from all nine markers available, only two (#6 and #10) shared the same haplotype, although they have very distinct surnames and dates of entry into the population. Interestingly, one of these lineages entered the population in the mid-1800s, a rare event for the Old Order Amish. Of the five 'incomplete' putative founder haplotypes (#22 and #24-27), three (#24-26) could be distinguished from all others on the basis of available markers. One of these three (#25), whose haplotype was later completed by sequencing missing markers, had the same surname as #12, from which it differed at four loci, suggesting separate origins of that surname. Partial haplotype #27 matched #6 and #10, and partial haplotype #22 matched #1.
Sequencing three additional markers (DYS449, DYS456 and DYS458) in selected individuals enabled us to distinguish between haplotypes #6 and #10 and between #1 and #22. Interestingly, though, haplotypes #6 and #10 only differed at one of the three additional markers (for a total of one marker out of 12 genotyped), and only by one repeat unit, suggesting that the founders shared a relatively recent common male ancestor. Additional DNA was not available from the individual in lineage #27, so his partial haplotype remained indistinguishable from haplotypes #6 and #10. Six of the seven alleles available for the #27 individual are the most common alleles (and the seventh is the second most common) for their respective markers according to a large online Y chromosome genealogy database which allows unrestricted submission (Ybase). Also, in YHRD, the comparable 6-marker haplotype is present on three (including two which match haplotypes #6 and #10) of the 20 most common 8 marker haplotypes in European Americans. Thus it is not surprising that at such a low resolution we were unable to distinguish lineage #27 from the others by haplotype. In any case, we were able to establish that at least 27 of the 28 male founders of our study population had distinct Y chromosome haplotypes.
As noted previously, in addition to the 28 lineages comprising individuals included in the genome-wide scans, there were two additional male lineages. Lineage #29 was not pursued because the family was not practicing Amish and the males in the family were not of Amish descent. Lineage #30 comprised one individual with the same unusual surname as lineage #20 who could not be connected to this lineage via the Anabaptist Genealogy Database (AGDB). However, successful sequencing of three previously typed STR markers (DYS19, DYS390 and DYS392) in the limited DNA available on this subject revealed that he matched the family on all three alleles. Only one other family, #24, which had a different surname, possessed this same three marker haplotype, which was rare in the both the European (0.33% of 25,904 haplotypes) and worldwide (0.43% of 51,253 haplotypes) samples as well as in the Pennsylvania European-American (0.00% of 67 haplotypes) and national EuropeanAmerican (0.84% of 359 haplotypes) samples in the YHRD (Release 21) [79] . It is therefore highly likely that the additional individual was either (1) descended from the founder of lineage #20 via a path omitted from the genealogy or (2) shared with founder #20 a recent common male ancestor who lived prior to the immigration.
Relationship of the Old Order Amish to Other Populations
The Lancaster Old Order Amish reportedly immigrated from Western Europe, specifically from South Germany and Alsace, where they had originally fled from Bern, Switzerland, to escape religious persecution [4, 5] . We used YHRD data to attempt to corroborate this historical account. For the seven loci genotyped in both our data and the YHRD, our Amish sample contains 27 complete haplotypes, with 25 of these haplotypes being unique. Twenty-two of these Amish founders' haplotypes (20 unique haplotypes) are found among the 12,727 individuals in the pan-European YHRD subset of 91 populations used by Roewer et al. [61] in an analysis of recent European historical events. Nineteen founders' haplotypes (17 unique haplotypes) are found in a subset of three German (Freiburg, Münster and Leipzig) populations and the Bern, Switzerland population. Fifteen of the 19 (13 of 17 unique) haplotypes are over-represented in this subset of four populations, that is, found at a greater frequency in this subset of 1,293 German/Swiss individuals than in the entire set of 12,727, with frequency ratios ranging from 1.11 to 9.84. To include the remaining three unique haplotypes, it is necessary to add one Polish (Bydgoszcz) and one Austrian (Tyrol) population.
If the set of Amish founder haplotypes is expanded to include haplotypes differing by one repeat at one locus ('one step neighbors') to allow for frequent mutation, then all Amish haplotypes except one can be located in the Roewer subset. Using this same expanded definition, the set of four German/Swiss populations described above includes 25 Amish founders' haplotypes (23 unique haplotypes), and including the Polish and Austrian populations brings the total founders' haplotypes found to 26 of 27 (24 of 25 unique haplotypes), the most that can be found in the Roewer data. Thus even this expanded haplotype definition fails to locate one of the 27 founder haplotypes in one of the European populations analyzed by Roewer. Interestingly, the founder of this excluded lineage (also not found in the entire YHRD database, with one one step neighbor found in a non-European population), was reported to be kidnapped and brought to the United States as a young boy to work as an indentured servant; thus his family origins are obscure.
The single marker genotypes among the founders exhibited similar frequencies to those in both the YHRD and YBASE online databases (data not shown).
Distinguishing Mutations and Pedigree Errors
In tabulating differences between individual marker genotypes and putative founder alleles to assess marker mutation rates, we first needed to rule out cases of pedigree and/or sample errors. We reasoned that multiple alleles discrepant from respective founder alleles in a single individual, while possibly resulting from multiple mutations, would have the greatest likelihood of resulting from errors. Three samples with multiple mismatches (two individuals each with a one-step mismatch at one locus and a two-step mismatch at another locus, and one individual with a one-step mismatch at each of two loci and a twostep mismatch at a third locus) were confirmed to be pedigree errors based on Mendelian inconsistent autosomal data. A fourth individual had only one one-step mismatch with his putative founder haplotype, but was investigated because he was successfully genotyped for only four of the nine markers. He was subsequently found to be discrepant with his founder at two of the three additional markers sequenced (DYS449 and DYS458, mismatched by one step each). He was Mendelian consistent at all autosomal loci with his two sisters and his mother, but a comparison of his and his two sisters' chromosome 1 haplotypes (inferred using a Markov Chain Monte Carlo algorithm as implemented in Simwalk 2 [81] ) with other lineage members revealed that he did not appear to share any haplotype segment with these distant cousins, consistent with a paternity error in a recent ancestor. Notably, this individual and his immediate family were not registered members of the Amish Church.
There were four additional individuals who each had two mismatches with their founder haplotype; however, these cases were consistent with true mutations occurring in multiple generations. In lineage #7 (see table 1 ), 10 individuals possessed a non-founder allele in DYS389-II consistent with an historic 17 ] 16 mutation in the DYS389-II-specific segment ( fig. 2 ) . A cluster of three of these 10 individuals revealed an apparent DYS389-I 14 ] 13 mutation in a descendant (5: 5) of the putative DYS389-II 17 ] 16 founder, with the end result being that these three individuals (6: 5, 6: 6 and 7: 2 in the figure) each had two non-founder alleles. In addition, in this same lineage (apparently by coincidence), one individual with the 17 allele (7: 4 in fig. 2 ) had a non-founder allele at DYS19, consistent with a new 14 ] 15 mutation. Of course, even finding evidence of two mutations occurring in the same individual would also not have been surprising statistically, as observed in a study of 9 STRs in 415 fatherson pairs [65] .
Confirmation of Apparent Mutations
Those non-founder alleles found in three or more family members in a pattern consistent with a single historical mutation event were considered to be confirmed evidence of a mutation event not requiring further molecular investigation. To increase confidence that apparent mutations manifesting in only one or two family members were real and not results of genotype errors, we sequenced relevant markers in putative mutation carriers and discordant 'normal' fathers and/or brothers (or the closest relative(s) available) along with previously ungenotyped sons and/or other relatives expected to share the mutation to confirm those mutations. Of the 31 initially observed or inferred mutations, five were confirmed by their presence in clusters of three to 16 individuals, 23 were confirmed by sequencing of individuals possessing the mutation and/or close relatives, and three were refuted by sequencing. In lineage #5, sequencing an additional individual to confirm and localize a DYS389-II 17 ] 16 mutation in addition revealed a new or recently inherited DYS389-I 12 ] 13 mutation.
Mutation Rate Analysis
Prior to estimating mutation rates, we excluded the 4 individuals representing pedigree errors, the three mutations refuted by sequencing, and the newly identified DYS389-I mutation in lineage #5.
All markers except DYS393/395 and GGAAT1B07 had at least one apparent mutation event. A summary of these mutation events is shown in table 2 . Of 5,794 genotypes, 68 differed from the expected family genotype. Pedigree analysis revealed that several of these differences could be attributed to a total 28 putative historical and de novo mutation events. (9) 18 (17) a Numbers in parentheses indicate number of gains or losses if the two cases of ambiguous DYS391 founder alleles (lineages #13 and #14, see text and fig. 2 ) are excluded.
b Excludes those resulting from DYS389-I mutations.
We used two methods to estimate mutation rates in our Y chromosome markers. We first restricted our analysis to typed father-son pairs ( table 3 ) to generate results that could be compared with a previous study by Kayser et al. [65] and other studies of father-son pairs [26, 28, 29, 67, 72] . For the nine markers, the number of such pairs available ranged from 119 to 283. Mutation rates, calculated as the proportion of discordant father-son pairs over the total number typed for each marker, ranged from 0 to 1.09%, with an overall mutation rate of 0.33% (0.41% for tetranucleotide repeats only). These rates are similar to those calculated previously [26, 28, 29, 65, [67] [68] [69] [70] [71] [72] .
The second method traces haplotypes and mutation events back to putative founders and considers all meioses, observed or inferred, as a denominator. This method was used previously [63] with a much smaller sample size (42 individuals from 12 pedigrees) than ours (739 individuals from 28 pedigrees). Mutation rates ( table 3 ) were similar to those we calculated using father-son pairs: an overall mutation rate of 0.28% (0.39% for tetranucleotides only). This method also resulted in a sample size sufficient to detect significant departures from the overall and/or tetranucleotide marker mutation rate in three markers, DYS393 (mutation rate = 0%, Fisher's exact p value = 0.067 versus all markers and p = 0.026 versus tetranucleotide markers), DYS388 (same mutation rate and p values as DYS393) and DYS389-II (mutation rate = 1.02%, Fisher's exact p value ! 0.0001 versus all markers and p = 0.0096 versus all tetranucleotide markers). By Fisher's exact test, no significant differences between mutation rates calculated by the two methods were observed for any of the nine markers.
In two families, the marker with the highest mutation rate, DYS389-II, showed evidence of multiple independent mutation events. Lineage #2 showed evidence of five independent occurrences of the same mutation in DYS389-II (18 ] 17). Furthermore, in this same lineage, there were two additional alleles for DYS389-II, both resulting from de novo mutations as evidenced by fathers possessing the founder allele: 18 ] 20 (the only two step mutation observed) and 18 ] 19. There was also evidence of three independent occurrences of a 17 ] 16 mutation in this same marker in lineage #5.
Discussion
By examining the genotypes at several STR markers on the Y chromosome in several hundred Amish study volunteers, we have confirmed the historical accuracy of the genealogical records of the ancestors that connect individuals in our current pedigrees recruited for the study of complex phenotypes. The combination of genealogical records and Y chromosome genotypes indicates that virtually every surname in the Amish represents a unique founder. Comparison of putative Amish founder Y chro- mosome haplotypes with online European Y chromosome haplotype data support the reported Western/Central European origin of the Amish. Our Amish data afforded us the opportunity to use two different but complementary approaches for estimating Y STR mutation rates. A number of studies have evaluated mutation rates in Y STR markers, which are important for forensic applications [82] . Observation of frequent mutations in YSTRs is also a reminder of the general mutability of STRs, which in autosomes can lead to Mendelian discrepancies that may be mistaken for genotype errors when using the markers for linkage analysis. Heyer et al. [63] and Jobling et al. [64] used information from 42 individuals in 12 'deep rooting' pedigrees Rates given as percents with number of mutations over number of meioses shown in parentheses. * Methods: 'Pairs' refers to studies using only typed, confirmed father/son pairs. 'Pedigrees' refers to studies using pedigrees that included untyped but inferred transmissions in the calcuations.
and were able to use as a denominator 213 to 248 primarily unobserved transmissions [63] . The disadvantage of this approach, as pointed out by others [65, 83] , is that paternity cannot be completely resolved. In fact, Heyer et al. used three different scenarios to estimate Y chromosome mutation frequencies because they could not distinguish multiple apparent mutations in one individual from nonparternity. The minisatellite MSY1 genotyping applied by Jobling et al. [64] to the same pedigrees provided evidence but did not prove definitively that the single marker differences were true mutations and the multiple marker differences represented instances of nonpaternity. To remove nonpaternity concerns from mutation rate estimation, Kayser et al. [65] and later others [26, 28, 29, 67, 72] studied father-son pairs in conjunction with autosomal genotyping. In our Amish data, we were able to use both approaches, which yielded similar results and complemented each other well. The father-son pairs, which included 2,126 meiotic events, led to a 0.33% estimate of the mutation rate, very similar to that calculated by Kayser et al. Since these individuals were genotyped for approximately 400 (in the case of the AFDS) or 800 (in the case of the AFOS) autosomal and X-linked STRs, we were able to rule out nonpaternity in these pairs to an even greater certainty than Kayser et al., who used only 11-13 autosomal markers to confirm paternity.
The estimated overall mutation rate in the Amish was similar using both methods (0.33% with father-son pairs and 0.28% with the whole pedigrees). A pedigree based study in the Samaritan population similarly estimated a mutation rate of 0.42% [73] , also consistent with our findings. Since the landmark study by Kayser et al. [65] , similar mutation rates have been estimated using father-son pairs in several other populations, including 0.22% in 161 Japanese pairs typed for 14 YSTRs [29] [68] . Similarly, an estimated mutation rate of 0.18-21% for repeat gains (losses could not be evaluated due to the methodology used) was calculated using 2 STRs in sperm samples from three donors; overall mutation rate was estimated at 0.4% based on the assumption of equilibrium between gains and losses [74] . These latter results should be interpreted with caution due to the technical limitations of the small-pool PCR and fluorescence-based fragment-length analysis methods used, including the inability to detect repeat losses. Previously published mutation rates for the seven commonly typed loci are shown in table 4 (study using sperm sample excluded because of its technical limitations) in conjunction with the two sets of mutation rates estimated in the present study.
In addition, 'evolutionary' mutation rate estimates of 0.026% per 20 years [75] , 0.069% per 25 years [32] and 0.027% per generation [43] have been reported. The discrepancy between these estimates and those based on father-son pairs and pedigree analysis appears to be attributable to several factors, including assumptions about the age of the population [32, 75, 84] , the specific characteristics of the markers and alleles evaluated [85] , and possibly haplogroup-based selection effects [86] . The consistency of the mutation rates estimated using the pedigree and father-son pair methods in the present study and previous studies suggests that for the purpose of forensic and genetic epidemiology quality control applications, the mutation rate for YSTRs is between 0 and 1% of meioses per marker, varying by specific marker.
One marker, DYS389-II, showed a significant departure from the overall mutation rate when evaluated using the whole pedigree method. This marker along with two others (tetranucleotide DYS393/395 and trinucleotide DYS388) showed significant departure from the overall tetranucleotide marker mutation rate. The marker with the highest mutation rate, DYS389-II, showed a virtually identical rate between the two methods (1.09% in fatherson pairs and 1.02% in the whole pedigrees). This marker also had the greatest number of alleles in our study, exemplifying the advantages and disadvantages of STRs: (autosomal) markers with high diversity are useful for linkage analysis but increase the possibility of mutations to contribute to the overall 'error' rate. Not surprisingly marker DYS393/395, which has no observed mutations in either our data or the data of Kayser et al. and Heyer et al., and few mutations in other studies, has very low diversity, with a single allele accounting for over 70% of Amish founder alleles as well as alleles in YHRD and YBase.
Summary
In summary, our genotype analysis of Y chromosome STR markers in our Amish study subjects has (1) confirmed the accuracy of the male lineage portion of the genealogy and completeness of the Anabaptist Genealogy Database; (2) showed that Lancaster Amish founder Y chromosomes exhibit diversity similar to the general Caucasian population, reinforcing that the surnames delineate fairly distinct founders, and (3) added to existing data on mutation rate estimates for several commonly used Y chromosome STR markers.
